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PortugalThe objective of this work is to present a first assessment on the age of the glacial features of the Serra da Estrela,
in the central Portugal, Iberian Peninsula (40°19′N, 7°37′W, 1993m), using Cosmic-Ray Exposure dating (in situ
cosmogenic 36Cl). A total of 6 samples were dated, 4 extracted from exposed moraine boulders and 2 from gla-
cially polished bedrock surfaces. Despite the low number of samples, the results are consistent, reinforcing pre-
vious dating obtained by other methods and geomorphological and paleoclimatic information. The maximum
extension of the glaciers occurred at the end of the Penultimate Glacial Cycle (Marine Isotope Stage 6), during
Heinrich Stadial 11, around 140 ka. At the end of the Last Glacial Cycle, slightly before the Last Glacial Maximum,
at around30 ka, the Estrela glaciers reached again a similar extent. Finally, the glaciers disappeared from the Serra
da Estrela at the beginning of the Bølling-Allerød Interstadial, at around 14.2 ka. These data confirm a certain syn-
chronicity in the major glacial phases in most the Mediterranean and also European mountains, although there
are notable differences in the maximum extent in the two cycles.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Recent research has contributed to significant advances on the under-
standing of the glacial chronology of the Iberian mountains, but it has fo-
cussed mainly in the end of the last glacial cycle and Holocene. However,
the period when the glaciers reached their Maximum Ice Extent (MIE) in
the Iberian Peninsula is still poorly known (Oliva et al., 2019).
The Maximum Ice Extent (MIE) was not contemporaneous with
the Last Glacial Maximum (LGM) in all the mountain ranges of Iberia.
According to Clark et al. (2009), the LGM occurred from 26.5 to 19 ka,
when the sea reached its last lowest level, although in fact the con-
cept of “global” for this period is in question in relation to glacial ex-
pansion (Hughes et al., 2013). In the Pyrenees, the MIE during Last
Glacial Cycle (115–11.7 ka; LGC) occurred at 60 ka (García-Ruiz
et al., 2003, 2010, 2013; Lewis et al., 2009; Delmas, 2015), while in
the Cantabrian mountains (Rodríguez-Rodríguez et al., 2015,
2016), the northwest Iberian mountains (Rodríguez-Rodríguez
et al., 2014), the Central System (Palacios et al., 2012a; Domínguez-
Villar et al., 2013; Pedraza et al., 2013) and the Sierra Nevada. This is an open access article under(Gómez-Ortiz et al., 2012, 2015), it took place closer to the LGM at
35 to 31 ka.
The LGM is marked by an important and long glacial advance in all
themountains of the Iberian Peninsula and is responsible for the largest
and best-preserved moraines (Delmas, 2015). Their ages have been
mainly obtained by Cosmic-Ray Exposure (CRE) dating and show mul-
tiple small glacial advances and recession episodes between 26 and 21
ka. Large polygenetic moraines formed in narrow glacial valleys, while
in unconstrained conditions, the glaciers gave origin to multiple mo-
raine ridges (Palacios et al., 2015). This situation occurs in the Pyrenees
(Delmas, 2015; Turu et al., 2016), in the Cantabrian and northwest Ibe-
rian mountains (Rodríguez-Rodríguez et al., 2014, 2015, 2016; Serrano
et al., 2015, 2017), in the Central System (Palacios et al., 2012a and
2012b; Andrés and Palacios, 2014; Carrasco et al., 2015) and in the Si-
erra Nevada (Gómez-Ortiz et al., 2012, 2015; Oliva et al., 2014,
Palacios et al., 2016).
Contrasting with the knowledge on the MIE during the LGC, the un-
derstanding of pre-LGC glacial events in the Iberian Peninsula remains
poor. Glacial landforms older than LGC have been dated only in very
few locations of the central Pyrenees, the central CantabrianMountains,
mountain ranges of NW Iberia and Sierra Nevada. In the south of the
central Pyrenees, Lewis et al. (2009) applied optically stimulatedthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ing aeolian silt, with results indicating glacial periods at 151 ± 11 ka
in the Gállego valley, and at 178 ± 21 ka in the Cinca valley. Elsewhere
in the Pyrenees, García-Ruiz et al. (2013) also applied OSL dating
methods in the Aragón valley fluvioglacial terraces, with results show-
ing two glacial phases at 171 ± 22 and 263 ± 21 ka. Moreover,
Rodríguez-Rodríguez et al. (2016) applied CRE (10Be) dating to erratic
and moraine boulders in the Porma valley (central Cantabrian Moun-
tains) and yielded ages of 134 ± 4 ka and 169 ± 6 ka. In adition, an
age of 286 ± 6 ka from an erratic was considered an outlier. Villa et al.
(2013) applied U/Th dating to the limestone of cemented calcareous
breccias in Duje valley, in Picos de Europa, also in the central Cantabrian
mountains. These breccias are resting on glacially abraded surfaces and
are covered by moraines. The oldest dates obtained for the base of the
breccias are between 276 ± 23 ka and 394 ± 50 ka. Vidal-Romaní and
Fernández-Mosquera (2006), Vidal-Romaní et al. (2015) applied CRE
(21N) dating in two ranges of the NW of the Peninsula: in the Sierra
de Queixa, a maximum advance was dated at 155 ± 30 ka, and in the
Serra de Gerês/Xurez, polished bedrock outcrops were dated at 231 ±
48 ka and 131 ± 31 ka. Palacios et al. (2019) applied CRE (10Be) dating
to the most external moraine boulders in the Mulhacen valley (Sierra
Nevada) and obtained ages of 134.8 ± 10 ka and 129.2 ± 8.9 ka.
The identification of pre-LGC glacial landforms is still lacking in the
Iberian Range and in the Central System, although its existence has long
been postulated (Lotze, 1962; Obermaier and Carandell-Pericay, 1917).
However, after the application of modern dating methods, many of the
landforms thought to be pre-LGC inmost of the Iberianmountains turnedFig. 1. Location and general characteristics of the Serra da Estre
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out to result frompulseswithin the LGC (Oliva et al., 2019). The scarce ev-
idence of MIE of pre-LGC ages in Iberia contrasts with the data from other
Mediterranean mountains, such as the Apennines (Kotarba et al., 2001;
Giraudi et al., 2011; Giraudi and Giaccio, 2017) and the Balkans (Hughes
et al., 2006a, 2006b, 2007, 2010, 2011; Žebre and Stepišnik, 2014, 2015;
Adamson et al., 2017; Leontaritis et al., 2020).
The Serra da Estrela, the highestmountain of thewestern andmoister
sector of the Central System, shows extremely well-preserved glacial
landforms and deposits, but with a still very poorly constrained chronol-
ogy (Fig. 1). The glacial geomorphology of the area was studied in detail
by Lautensach (1929; 1932), Daveau (1971) and Vieira (2004). Daveau
(1971) suggested the possibility for a pre-LGC glaciation following the
identification of sparse boulders in the Lagoa Seca site, which contrasted
with othermoraine deposist of themountain. Based on geomorphological
analysis, Vieira (2004) identified four general stages in the Estrela glacia-
tion, including one probably pre-LGCwith evidence in several areas in the
plateaus. Using preliminary thermoluminescence (TL) dating from
fluvioglacial sediments, he placed the MIE in the LGC at ca. 33 to 30 ka,
a value in agreement with other Iberian mountains, but no further ages
existed up to the present work on pre-LGC or LGC evidence.
The objective of this work is to present a first assessment on the age
of the glacial features in Serra da Estrela using CRE methods (36Cl).
Aiming at identifying the age of the MIE during the LGC, or earlier, gla-
cial boulders and polished surfaces, have been selected from key sites
identified in previous studies. Vieira (2004, 2008) mentions the signifi-
cance of the Estrela plateau for paleoenvironmental reconstruction
based on its flat top morphology and elevation just above thela. The Maximum Ice Extent is derived from Vieira (2004).
Fig. 2. Distribution of moraines and glacial erosion features in the Serra da Estrela and location of Fig. 5. The map is based in Vieira (2004).
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glaciers with high climatic sensitivity, reacting fast and extensively to
even small changes in the ELA. Hence, the Estrela may bear important
evidence to bridge the gap between the Sierra Nevada, in the Southeast,
and the mountains of Northwest and North of Iberia and to identify
remnants of an older glacial event in the Central System.
2. Study Area
The Serra da Estrela is a granite plateaumountain in Central Portugal
rising to 1993m a.s.l. at Alto da Torre (40°19′N, 7°37′W), making it the3
highest elevation in mainland Portugal (Fig. 1). Estrela is part of the
Central System and is limited by two steep fault scarps with a general
SW-NE direction and with a relative relief of over 1200 m. The upper
area has two plateaus, divided by the NNE–SSW tectonic lineament of
the Zêzere and Alforfa valleys. The western plateau is the highest
at 1400–1993 m while on the eastern plateau altitudes stay below
1750 m. The mountain forms a major condensation barrier to the
moist air masses from the Atlantic, entering the Iberian Peninsula from
the west. In the present-day, annual precipitation reaches ~2500 mm,
mean annual air temperatures are close to 4 °C at the summit and the cli-
mate is Mediterranean, with warm and dry summers (Mora, 2010).
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features in the Estrela, but it was only with Lautensach (1929) that the
glaciation was studied in more detail. He identified the presence of a
large plateau ice-field with several radiating valley glaciers, described
severalmoraines and presented anestimation of the glacier topography.
Daveau (1971) revised Lautensach's ideas and presented a more com-
prehensive account of the glacial geomorphology of the mountain, im-
proving mapping and the description of moraines and kame deposits.
Vieira (2004) made a thorough study on the glacial geomorphology of
the Estrela, including geomorphological mapping, sedimentological
analysis of glacial and fluvioglacial deposits andmodelling of the glacier
surfaces (Fig. 2).
The glaciated area during the MIE was c. 66 km2 and is well-defined
by latero-frontalmoraines in the valleys and ice-marginalmoraine com-
plexes (Vieira, 2004, 2008; Santos et al., 2020) (Fig. 2). Most of the gla-
ciation occurred in the western plateau, between Alto da Torre and
Fraga das Penas, where a plateau icefield with fivemain radiating valley
glaciers (Zêzere, Alforfa, Loriga, Covão Grande and Covão do Urso) were
present. On the eastern plateau, only small glaciers occurred, and geo-
morphological evidence of a widespread glaciation is lacking. Vieira
(2008) reconstructed the plateau ice-field and valley glaciers based on
the maximum extent of the clear glacial evidence and on physical-
based modelling of glacier profiles. Fig. 3 shows the reconstructed gla-
ciers as viewed from the north, with the east-west asymmetry in the
plateaus and the main drainage along the Zêzere valley. The author
identified a regional equilibrium line altitude (ELA) at c. 1650 m asl,
with a west-east asymmetry in local ELA's associated to snow drift
(lower ELAs in east-facing glaciers). A weak N-S asymmetry probably
controlled by insolation differences was also found. The glaciers
draining from the ice-field showing lowest ELAs were those facing NE
and SSE (1570–1590 m), while those facing S and SW showed the
highest ELAs (>1700 m). A key result of that study was the analysis of
the glacier hypsometric curves, which revealed a high climatic sensitiv-
ity of the Estrela glaciers, as typical of plateau ice-fieldswith a large area
above the ELA.
The western plateau, especially above 1650 m, shows extensive
granite outcrops without significant moraine deposits, but with
extensive glacial scouring, knock-and-lochan morphology andFig. 3. Reconstruction of the Serra da Estrela Plateau ice-field and valley glaciers based on t
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roches moutonnées (Fig. 4). Sectors with widely spaced joints (tens
of meters) gave origin to massive and glacially polished flat rock sur-
faces (e.g. Lagoa do Peixão area), whilemore closely spaced joints favour
the development of roches moutonnées (e.g. upper valley of Loriga).
Post-glacial weathering has lowered most of the granite surfaces a few
centimetres, especially in the coarse-grained variants, as shown by gla-
cially polished quartz veins standing out above the surrounding granite
surfaces showing a post-glacial lowering of 1–3 cm (Vieira, 2004). At
some sites fresh polished surfaces show striations and shatter marks.
The best polished outcrops occur in medium to fine-grained granite var-
iants, both near the plateaumargins, where glacial erosion was more in-
tense, or in knobs in the glacial cirques or upper overdeepenings along
the valleys (Migoń and Vieira, 2014). Key sites occur at Salgadeiras,
Alto da Torre, Lagoa Comprida and Covão Cimeiro (Figs. 2 and 4).
Tors and the weatheringmantle are lacking in the highest areas and
only occur in small patches where glacial erosion was limited or where
tor exhumation is post-glacial (Ferreira and Vieira, 1999; Vieira and
Nieuwendam, 2020). Cirques are present mainly in the eastern side of
the plateau and the areas where glacial erosion was strongest still
showwidespread bare rock outcrops. In thewestern plateau, the north-
ern areas between 1500 and 1600 m lack traces of glacial erosion, mo-
raines and, in some areas, show remnants of weathering mantle. The
valleys show typical geomorphological features of the glaciated valley
landsystem, with cirques, u-shaped cross-sections, overdeepenings
(above ~1200m a.s.l.), moraines and kame terraces (Fig. 5). The largest
moraine accumulations aremainly located in the five radial valleyswith
some also occurring in the plateau (e.g. Vale do Conde moraine com-
plex) and allowed for identifying four general stages in the Estrela gla-
ciation (Vieira, 2004):
(i) The external stage marks the outer limits of the glacial deposits
and is shown by the peripheral moraines outside of the main
and best preserved moraine in Lagoa Seca and by a small proba-
ble till outcrop ca. 600 m downstream, by the large boulders of
possible glacial origin at Barroca das Lameiras, the Penhas da
Saúde till and boulders at Cântaro Raso. These deposits occur be-
tween a few hundred metres and c. 2 km from the main mo-
raines, except the case of the Penhas da Saúde till, which occurshe maximum ice extent as identified by geomorphological evidence (see Vieira, 2008).
Fig. 4. Glacial erosion landscape in the Lagoa Comprida area.
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lacking. The external moraines at Lagoa Seca and Barroca das
Lameiras are poorly preserved and the matrix is lacking.(ii) The main latero-frontal moraines stage is present in all the val-
leys and is marked by well-developed moraine ridges. These
are generally composed of a coarse sandy-gravelly diamicton
with large sub-rounded c. 1–5 m granite boulders, which are
prominent in the surface due to the erosion of the matrix. In
some valleys, this stage is composed of 2 to 4 moraine ridges
(Covão do Urso, Loriga, Porto das Vacas and Lagoa Seca). ThisFig. 5. The upper sector of the Zêzere valley with the lateral moraine of Poio do
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stage was preliminarily dated applying thermoluminescence to
massive fluvioglacial silts from an intermoraine depression at
Lagoa Seca and to a fluvioglacial deposit from a terrace at the
Alva Valley, having provided ages of 30 ± 4.5 TL ka and 33.1 ±
5.0 TL ka BP respectively (Vieira, 2004). These results suggest
that this stage occurred slightly before the LGM.
(iii) The Internal Stages 1 and 2 are characterized by the presence of
moraine ridges confined to the valleys already in recession com-
pared to the previous stage. The presence of a large number of
moraine ridges within a few hundred meters in several valleysJudeu on the left site and the cirque of Covão Cimeiro in the background.
G. Vieira, D. Palacios, N. Andrés et al. Geomorphology 388 (2021) 107781(12 in Alva, 8 in Caniça and 9 in Alforfa valleys) marks the
Internal Stage 1, which seemingly was characterized in different
valleys by several episodes of retreat and readvance. The mo-
raines of Poio do Judeu, Covões and Geraldo have been included
in this stage, because they show a first stabilization after an initial
retreat. The Internal Stage 2 shows various stabilization stages
after a very significant glacier retreat and includes smaller mo-
raines. Palynological analysis and radiocarbon ages from organic
infills of the Candieira Lake at 1320ma.s.l. suggest that the valley
was deglaciated at 14.8 cal ka BP but the glaciers were still pres-




Field surveying and geomorphological mapping was the basis to
identify the different glacial stages, with the main interpretation deriv-
ing from the geomorphological map by Vieira (2004) with minor cor-
rections from the analysis of recent Google satellite imagery in QGIS
3.16. The original map was produced based on extensive field surveys
at 1:10000 scale, aerial photo interpretation and high resolution
orthophotomap analysis.
The Lagoa Seca moraine, which is our main sampling site, was sur-
veyed in August 2019 using an unmanned aerial vehicle (UAV; DJI
Phantom3advanced). Theflightwas conductedat 80mabove theground,
with a 12.4MP camera, which allowed for the production of anFig. 6. Geomorphological map of the upper Zêzere valley an
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orthomosaic and a digital surface model with a spatial resolution of
3.5 cm. Processing was done using PIX4D mapper. From the latter,
a hillshade model and contour elevation map were produced, and
were the basis for the detailed geomorphological mapping of the
Lagoa Seca site.
3.2. Selection of CRE sample sites
The geomorphological analysis guided the selection of the sampling
locations. The objective was to select the best sites to constrain the age
of the phases of the glaciation of the Serra da Estrela: (i) theMIE, (ii) the
major moraines phase and (iii) the deglaciation (Fig. 5). In this study,
we did not aim at dating themoraines present along the valleys and de-
scribed by Vieira (2004) as internal stages 1 and 2.
The Lagoa Seca col. (Figs. 5, 6 and 7) was selected for dating theMIE
(i) and the major moraines phase (ii), thanks to the presence of several
moraine ridges with different degrees of degradation. The site is a wide
col. at c. 1300 m altitude at the eastern interfluve bounding the Zêzere
valley, where the longest glacier of the Estrela flowed for c. 11 km
(Fig. 3). At that site, the Zêzere glacier showed a small transfluence
into the adjacent Beijames valley headwaters, having deposited at
least five moraine ridges (Soncco, 2020) formed by very large boulders
(> 2 m), showing that the upper Zêzere valley was fully glacier ice
infilled (Daveau, 1971; Vieira, 2004, 2008).
The external moraines of Lagoa Seca col. (ridge 1 and 2) define the
MIE in Serra da Estrela (Figs. 7 and 8). Thesemoraines are very degraded
boulder lineaments and do not form evident ridges nowadays, and they
lacking the coarse sandy-gravelly moraine body that occurs in thed Torre Plateau with the location of the sampling sites.
Fig. 7. 3Dmodel of the Lagoa Seca with a view towards the Zêzere valley (westwards). This model results from a UAV survey conducted in 2017 that covers a larger area than the one of
2019 used for the mapping.
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weathering pits that are larger and deeper than the ones in the internal
moraines. The position of the boulders, their linear distribution andFig. 8. Lagoa Seca col. with location of the dated boulders, as w
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symmetry in both sides of the valley, as well the distance to the Poios
Brancos slope and lack of geomorphic evidence of an in situ position,
support their glacial origin. These features are very different fromell as the TL dated fluvioglacial sediment by Vieira (2004).
G. Vieira, D. Palacios, N. Andrés et al. Geomorphology 388 (2021) 107781other sites of the Estrela, where boulders are clearly exhumated sapro-
lites (see e.g. Migoń and Vieira, 2014).
Three samples were collected from the external moraines (Fig. 9):
sample LS6 was collected in the more external ridge (ridge 1) and two
samples were collected in the second peripheral moraine (ridge 2 -
LS1 and LS4).
The more internal zone of ridge 2 was overridden by a large and
much better-preserved moraine from the major moraines phase (ii).
This moraine (ridge 3) closes the intermoraine basin of Lagoa Seca,
which is filled with fluvioglacial deposits, previously dated by thermo-
luminescence at provided an age of 30 ± 4.5 ka (Vieira, 2004). Sample
LS3 was collected from the moraine ridge 3 aiming at dating the major
moraines phase (Figs. 7, 8 and 10).
For the last phases of deglaciation, bare granite polished surfaces
were selected. One sample (T1) was collected on the summit surface
of Serra da Estrela, in the Torre plateau just above the headwalls of the
Covão Cimeiro Cirque at 1934m.With this sample we wanted to deter-
mine the age of the melting of the Estrela plateau ice field. The other
bedrock sample (S1) was collected from a glacial polished surface at
Salgadeiras at 1851 m, on the first step below the Torre plateau. The
wall of this step faces NE, the most suitable for glacier maintenance
due to the shady and leeward setting. With this sample we wanted to
determine the age of the last deglaciation at a site where the glacier
would have melted the latest (Fig. 11).
3.3. Cosmogenic-ray exposure dating
A total of 6 granite samples with thicknesses of 2–5 cm were ex-
tracted using hammer and chisel, 2 from bedrock polished surfaces
and 4 from the surficial layer of moraine boulders >1 m-high standing
on stable, gently sloping surfaces (Table 1). Stable and well-embedded
boulders far from the influence of slope processes were preferred soFig. 9. Location of the sampled moraine boulders at the Lagoa Seca co
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that the potential risk of overturning is minimized. Aiming to ensure
the optimal exposure to the cosmic-rays, flat and gentle rock faces
were preferred to sharp crests and steep sides. To minimize previous
burial or snow cover interference, large boulderswere selected. Horizon
shielding was measured at each sampling site using a compass and cli-
nometer at 10° azimuth intervals.
We selected the 36Cl cosmogenic nuclide for CRE datingmethod, as it
has been previously used successfully in other sites on the Central Sys-
tem (Palacios et al., 2011, 2012a, 2012b). Previous studies have used the
10Be isotope, also successfully (Domínguez-Villar et al., 2013; Carrasco
et al., 2015), but Palacios et al. (2017a) and Andrés et al. (2018) demon-
strated that the results obtained with both isotopes are fully
comparable.
We followed the laboratory procedures for 36Cl analysis in whole
rock (Zreda et al., 1999; Phillips, 2003). Whole rock samples were
crushed and pulverized using a roller grinder. The samples were then
sieved to separate the sand size fraction and leached in deionized
water and HNO3 to remove atmospheric Cl. Next, they were dissolved
in a hot mixture of hydrofluoric and nitric acids, and AgNO3 was
added to the solution to precipitate AgCl. Sulphurwas separated by pre-
cipitating BaSO4. A spike of isotopically enriched 35Cl was added during
the dissolution process. This isotope dilution mass spectrometry
method enabled the sample Cl content to be determined from accelera-
tor mass spectrometry (AMS) analysis (Ivy-Ochs et al., 2004; Desilets
et al., 2006). The AMS analysis of the 36Cl/Cl and 37Cl/35Cl ratios in the
AgCl targets was carried out at the PRIME Laboratory (Purdue Univer-
sity, USA). The 36Cl data is presented in Table 1.
Aliquots of rock, pre-treated (bulk rock) and post-treated (target
fraction), were powdered and analyzed for: (i) Major elements, using
fusion inductively coupled plasma optical emission spectrometry (ICP-
OES), (ii) Trace elements, using inductively coupled plasma mass spec-
trometry (ICP-MS); and (iii) Boron, using prompt-gamma neutronl. A) Sample LS6; B) Sample LS1; C) Sample LS4; D) Sample LS3.
Fig. 10. The Lagoa Seca moraine with the ridge 4 (left) and ridge 3 (right) and the small intermoraine basin.
G. Vieira, D. Palacios, N. Andrés et al. Geomorphology 388 (2021) 107781activation analysis (PGNAA) at the Activation Laboratories (Ancaster,
Canada). The element concentrations of bulk rock were obtained from
two samples and the average was used, as the lithology of all samplesFig. 11. Sampling sites of bare rock surfaces at the western plateau: A) the Torre plateau
(T1) site above the Covão Cimeiro cirque B) the Salgadeiras polished rock surface (S1).
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was very similar (Table 2). The element concentrations of the target frac-
tions are exposed in Table 3.
The exposure ages were calculated using the spreadsheet for in-situ
36Cl exposure age calculations by Schimmelpfennig (2009) and
Schimmelpfennig et al. (2009). We used the cosmogenic 36Cl produc-
tion rates for Ca spallation by Stone et al. (1996) (48.8 ± 3.4 atoms
36Cl (g Ca)−1 a−1); for K spallation by Schimmelpfennig et al. (2014)
(148.1 ± 7.8 atoms 36Cl (g K)−1 a−1); for Ti spallation by Fink et al.
(2000) (13 ± 3 atoms 36Cl (g Ti)-1 a-1); and for Fe spallation by Stone
et al. (2005) (1.9 atoms 36Cl (g Fe)-1 a-1). The production rate used
for epithermal neutrons for fast neutron in the atmosphere at the land/
atmosphere interface was 696 ± 185 neutrons (g air)−1 yr−1 (Marrero
et al., 2016). The high energy neutron attenuation length applied was
160 g.cm−2.
The in situ accumulation of 36Cl depends on various factors including
latitude, elevation, sample thickness, surrounding topography and
snow cover. The elevation–latitude scaling factors for nucleonic and
muonic production were evaluated using CosmoCalc (Vermeesch,
2007), based on the scalingmodel by Stone (2000). The shielding factor
has been calculated using the Topographic Shielding Calculator v1.0 of
CRONUS-Earth Project (2020).Wealso used CRONUS-EARTH36Cl to cal-
culate the exposure ages. A 0 erosion rate has been considered in the
calculation of the ages, since it was not possible to determine in the
field the erosion suffered by the sampled surface. In any case, an attempt
was made to sample the surface that appeared to be closest to the orig-
inal glacial surface. We used the results from the spreadsheet by
Schimmelpfennig et al. (2009) in the analysis (Table 4). They are very
similar to those from the CRONUS-Earth Project calculator, with differ-
ences of less than 5%.
4. Results and discussion
4.1. Cosmogenic-ray exposure ages
The CRE results obtained in the Lagoa Seca col. (Table 4) confirm the
previous geomorphological observations and the chronological differ-
entiation between the peripheral moraines and the main moraine
(Figs. 6, 7 and 8). The samples collected in the peripheral moraines (i),
which, according to geomorphological observations, have been attrib-
uted to the MIE in Serra da Estrela, yielded the ages of 146.7 ± 17.8 ka
(LS6), 106.3 ± 10.2 ka (LS1) and 138.9 ± 14.1 ka (LS3), with an
Table 1
Geographic sample locations, topographic shielding factor, sample thickness and distance from terminus.
Sample name Type Latitude (°N) Longitude (°W) Elevation (m a.s.l.) Shielding factor Thickness (cm)
LS 1 Moraine boulder 40.3439 7.5534 1421 0.9924 1.3
LS 3 Moraine boulder 40.3427 7.5546 1425 0.9693 2.0
LS 4 Moraine boulder 40.3421 7.5541 1426 0.9993 3.0
LS 6 Moraine boulder 40.3435 7.5526 1411 0.9702 5.0
T1 Glacial polished bedrock surface 40.3265 7.6045 1934 0.9995 2.0
S1 Glacial polished bedrock surface 40.3383 7.6137 1851 0.9984 3.0
Table 2
Chemical composition of the bulk rock samples before chemical treatment. Thefigures in italics correspond to the average values of the bulk samples analysed andwere those used for the





































LS 4 0.430 5.450 0.131 1.430 23 73.610 3.110 0.150 14.570 0.031 0.430 – 12.1 18 1.3 5.0 8.3
S1 0.330 3.960 0.035 1.050 16 72.660 4.040 0.050 15.020 0.046 0.430 – 15.9 0.5 0.4 1.6 10.4
Average 0.380 4.705 0.083 1.240 19.5 73.135 3.575 0.100 14.795 0.0385 0.430 – 14 9.25 0.85 3.3 9.53
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main moraine (ii), which overrides the western sector of the previous
ones, yielded an age of 29.8 ± 2.7 ka (LS4).
A sample T1, from the Torre plateau at 1934myielded an age of 53.3±
6.5 ka and the sample S1 located bellow the Torre plateau, at the plateau
margin in the headwaters of the Candieira valley, at 1851 m, yielded an
age of 14.2 ± 1.5 ka (Fig. 11).
4.2. Analysis and geomorphological consistency of the CRE results
Geomorphological observations allowed to identify the position of
the MIE of Serra da Estrela, which corresponds to the outermost mo-
raines (i), showing highest weathering on the surface of the boulders
and scarce or absent matrix. The CRE ages, with an average of 130.6 ±
14.0 ka (n = 3), place these moraines close to the Penultimate Glacial
Cycle (PGC), centred at ~140 ka Marine Isotope Stage (MIS) 6 (Rohling
et al., 2017), in particular during Heinrich Stadial 11 (HS-11) which
took place at the transition from MIS 6 and interglacial or MIS 5e
(Oppo et al., 2006). Previous studies show that the high intensity of
weathering inmoraines from the PGCmay result in an underestimation
of CRE ages (Briner et al., 2005; Schaefer et al., 2008; Balco, 2011). For
this reason, it is recommended to use the age of the oldest boulder for
the age of the moraine (Balco, 2011). If we follow this advice, the age
the peripheral moraines would be 146.7 ± 17.8 ka for the outermost
ridge (sample LS6, ridge 1) and 138.9 ± 14.1 ka for the innermost
ridge (sample LS3, ridge 2).
We have only one sample for the main moraine of stage (ii) in the
ridge 3, at Lagoa Seca col. (sample LS4), which limits the interpretation.
However, its age of 29.8 ± 2.7 ka agrees with its better preservation, as
shown by the presence of a sandy-gravelly matrix, as well as by the less
weathered boulder surfaces. But above all, it shows a similar age to that
of the 30 ± 4.5 TL ka fluvioglacial sediments (Vieira, 2004) that areTable 3
Concentrations of the 36Cl target elements Ca, K, Ti and Fe, determined in splits taken after
the chemical pre-treatment (acid etching).
Sample name CaO (%) K2O (%) TiO2 (%) Fe2O3 (%)
LS 1 0.17 ± 0.04 4.24 ± 0.42 0.07 ± 0.02 0.90 ± 0.18
LS 3 0.15 ± 0.04 4.42 ± 0.44 0.13 ± 0.03 1.38 ± 0.21
LS 4 0.11 ± 0.03 5.46 ± 0.27 0.11 ± 0.02 1.22 ± 0.18
L S 6 0.27 ± 0.07 4.11 ± 0.41 0.18 ± 0.04 1.61 ± 0.24
T1 0.06 ± 0.02 3.86 ± 0.39 0.09 ± 0.02 1.18 ± 0.18
S1 0.04 ± 0.01 3.75 ± 0.38 0.03 ± 0.01 0.95 ± 0.14
10enclosed by the moraine ridge 3. This clearly frames the formation of
the moraine within the maximum expansion of the LGC.
Fig. 12 synthesises the reconstruction of the glacial evolution of the
Lagoa Seca site: the oldest deposits are from the MIS 6 with LS6 at
146.7 ± 17.8 ka. LS3 with a slightly younger age and retreat position
close to ridge 2, has deposited later at 138.9 ± 14.1 ka. During the
Eemian, subaerial erosion prevailed, leading to the possible exhumation
of LS1 at 106.3 ± 10.2 ka. The next glacial that is present at Lagoa Seca
occurred at 29.8± 2.7 ka, which resulted in the built up of the largemo-
raine ridge 3 and pushed forward LS3 that had been deposited previ-
ously. This age agrees with the existing ages of the fluvioglacial
deposits in the intermoraine basin, showing that the glacier retreated
to ridge 4 within that interval.
Sample S1, from glacial polish at the edge of the plateau at 1851m in
Salgadeiras, an area with favourable orientation for the preservation of
glaciers due to its altitude and orientation, yielded an age of 14.2 ±
1.5 ka. This is in agreement with a radiocarbon age reported for the be-
ginning of organic sedimentation in the Candieira lake (14.8 cal ka BP)
some 3.2 km downstream in the same valley (Van der Knaap and Van
Leeuwen, 1997). Both the 36Cl and the 14C ages suggest that the final de-
glaciation of the Serra da Estrela took place at the Bølling-Allerød Inter-
stadial (B-A; 14.6–12.9 ka). The 36Cl exposure age seems to exclude the
formation of glaciers in the Serra da Estrela during subsequent cold pe-
riods such as the Younger Dryas, similarly to other Iberian mountains
with limited altitude (García-Ruiz et al., 2016).
The only result which seems to be an outlier is T1, glacially abraded
bedrock from the Torre plateau at 1934m, with an age of 53.3± 6.5 ka,
hence,much older than S1,which is in a lower position. This couldmean
that the plateau has not been covered by glaciers since that age,which is
unlikely. If we consider that the sample was taken from a summit flat
surface, where glacial erosion is minimal, even under a thick glacier,
the age most likely denotes inheritance of cosmogenic 36Cl from a pre-
vious phase of exposure. These situations are very common in samples
located in such topographic situations and have been reported by sev-
eral authors (e.g. Paterson, 1994; Briner et al., 2006; Bentley et al.,
2006; Ivy-Ochs and Schaller, 2009; Balco et al., 2016).
4.3. The results in the context of the Iberian Peninsula
In the study of the glacial chronology of the Iberian Peninsula, there
was an initial exploratory period, when the different frontal moraine
ridges of several glacial valleyswere associatedwith the different glacial
cycles proposed in the Alps (Oliva et al., 2019), mainly following the
classical publications of Penck (1883) and Penck and Brückner (1909).
Table 4
36Cl exposure ages from Serra da Estrela and related analytical data 36Cl/35Cl and 35Cl/37Cl ratios by PRIME Lab, Purdue University. See text for details on the calculation of exposure ages.
The numbers in italics correspond to the internal (analytical) uncertainty at one standard level.
Sample name Sample weight (g) Mass of Cl in spike (mg) 35Cl/37Cl 36Cl/35Cl (10−14) [Cl] in sample (ppm) [36Cl] (104 atoms g−1) Age (ka)
LS1 30.92 1.00 8.482 ± 0.066 175.578 ± 5.199 17.0 168.046 ± 5.134 106.3 ± 10.2 (8.1)
LS3 30.61 1.01 11.523 ± 0.030 246.470 ± 8.274 8.2 203.424 ± 6.920 138.9 ± 14.1 (11.4)
LS4 30.00 1.01 8.789 ± 0.062 69.240 ± 2.100 36.9 67.123 ± 2.238 29.8 ± 2.7 (2.1)
LS6 31.81 1.01 6.056 ± 0.037 184.232 ± 9.807 22.4 236.423 ± 12.837 146.7 ± 17.8 (13.9)
T1 33.57 1.01 7.825 ± 0.041 128.631 ± 10.207 19.0 120.816 ± 9.782 53.3 ± 6.5 (5.8)
S1 30.91 1.05 10.900 ± 0.408 37.250 ± 1.869 16.5 31.551 ± 1.909 14.2 ± 1.5 (1.3)
Blanks
Cblk2880–1 1.016 37.819 ± 0.235 2.874 ± 0.257
Cblk2880–2 1.239 22.069 ± 0.118 7.412 ± 0.432
Cblk2937–1 0.988 20.326 ± 0.031 1.913 ± 0.185
Cblk2938–1 1.199 16.946 ± 0.071 1.468 ± 0.107
Cblk2007–1 1.014 97.450 ± 6.373 2.456 ± 1.261
Cblk2007–2 1.052 87.750 ± 15.220 2.040 ± 0.459
Cblk2007–1 and Cblk2007–2 were processed with samples LS 4 and S1; Cblk2880–1, Cblk2880–2, Cblk2937–1, Cblk2938–1were processed with the other samples.
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ginning of the 21st century, when new dating techniques such as TL
and CRE, appeared. The early results of these new methods showed
that many of the frontal moraines in the Iberian mountains actually re-
sulted from pulses within the LGC, as in the Central System, in Sierra de
Guadarrama (Palacios et al., 2012a) and in Sierra de Gredos (Palacios
et al., 2011, 2012b). Moreover, evidence of moraines from the PGC
were gradually being found in the Pyrenees (Lewis et al., 2009;
García-Ruiz et al., 2013), in the Cantabrian Mountains (Rodríguez-
Rodríguez et al., 2016), in the NW of the Peninsula (Vidal-Romaní and
Fernández-Mosquera, 2006; Vidal-Romaní et al., 2015) and in Sierra
Nevada (Palacios et al., 2019). In all these cases, there are two important
common circumstances, which are similar to our results at Serra da
Estrela. First, all the PGC moraines present ages related to HS-11,
when the glaciers reached their maximum PGC extent. In fact, this
coldest phase is confirmed by studies in marine sediments surrounding
the Iberian Peninsula (Martrat et al., 2014; Jiménez-Amat and Zahn,
2015). Secondly, the PGC moraines that have been found, are always
very close to the LGC moraines, and in some cases they even partially
override them. This explains why it has been so difficult to find pre-
LGC moraines in the Central System or in other Iberian mountains, al-
though theymay still occur in favourable settings, such aswide flat sur-
faces with frontal or lateral moraines.Fig. 12. Glacial evolution of the
11The data obtained in this study suggest that in the Serra da Estrela
the MIE of the LGC occurred slightly before the LGM, as elsewhere in
the Central Range (Palacios et al., 2012a; Domínguez-Villar et al.,
2013; Pedraza et al., 2013), in the Cantabrian mountains (Rodríguez-
Rodríguez et al., 2015, 2016), in the NW Iberian mountains
(Rodríguez-Rodríguez et al., 2014), and in the Sierra Nevada (Gómez-
Ortiz et al., 2012, 2015).
There is multiple evidence that the deglaciation of the Serra da
Estrela coincides with the onset of the B-A, as in most of the Iberian
mountains (Palacios et al., 2017a). In fact, the glaciers disappeared
in the Serra da Estrela around the same time than in the rest of
the Central System (Palacios et al., 2011; Palacios et al., 2012a,
2012b; Carrasco et al., 2015), the Iberian Range (Fernández-
Fernández et al., 2017; García-Ruiz et al., 2020), the Central
Cantabrian Mountains (Rodríguez-Rodríguez et al., 2017) and the
Pyrenees (Pallàs et al., 2006, 2010; Delmas, 2015; Palacios et al.,
2017b; Crest et al., 2017; Tomkins et al., 2018; Andrés et al., 2019;
Jomelli et al., 2020). This rapid deglaciation is fully supported by
palaeoclimatic studies derived from marine and lacustrine sedi-
ments around and in the Iberian Peninsula, which indicate a sudden
temperature increase up to values similar to present at the begin-
ning of B-A (Fletcher et al., 2010a, 2010b; Moreno et al., 2014;
López-Sáez et al., 2020).Lagoa Seca area since MIS6.
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The relative limited extension of glaciers during in the PGC in the
Serra da Estrela, as in the rest of the Iberian Peninsula, and also in the
Italian Peninsula (Kotarba et al., 2001; Giraudi et al., 2011; Giraudi and
Giaccio, 2017), is in contrast to the great extension of the glaciers in
the PGC, in comparison with the LGC in the Balkans (Hughes et al.,
2006a, 2006b, 2007, 2010, 2011; Žebre and Stepišnik, 2014, 2015;
Adamson et al., 2017; Leontaritis et al., 2020). In the Anatolia Peninsula,
the presence of moraines from the PGC is limited and they are located
close to the LGC moraines (Akçar et al., 2014). In the Alps, evidence of
the importance of the PGC is extensive in glaciofluvial sediments
(Akçar et al., 2017), but few moraines have yet been directly dated by
CRE methods. One of the scarce examples is from the Jura Mountains,
providing HS-11 ages (Graf et al., 2015). In most cases, the PGC ad-
vances in the Alps were slightly larger than those of the LGC
(Buoncristiani and Campy, 2011).
On the other hand, the large European Pleistocene Ice Sheets showed
large regional differences in the ice extent during the PGC and the LGC.
The Fennoscandian Ice Sheet in Eastern Europe and Siberia during the
PGC was much larger than in the LGC (Astakhov, 2013, 2018, Bachelor
et al., 2019). However, in northern central Europe (Lüthgens and Böse,
2012; Lang et al., 2018), the North Sea (Reinardy et al., 2017) and the
Great Britain (Gibbard and Clark, 2011), the PGC ice-sheet showed a
smaller, or only slightly larger extent than that of the LGC. One possible
cause for this differencemaybe related to the topographic and thermal ef-
fect of the Laurentian Ice Sheet, as it has grown larger in each of the last
glacial cycles, on atmospheric dynamics, which yielded in the LGC a
cooling effect in Europe and a relative warming in northern Russia and
northwestern Siberia (Liakka et al., 2016).
The fast deglaciation of the Serra da Estrela during the B-A, as in
the rest of the Iberian Peninsula, is similar to that recorded in other
Mediterranean mountains by CRE dating methods. This is the case
of the Atlas Mountains (Hughes et al., 2018), the Anatolian Peninsula
(Köse et al., 2019; Sarıkaya et al., 2017); and the Balkans; (Ribolini
et al., 2017: Styllas et al., 2018; Žebre et al., 2019). Similar evidence
has been recorded in central and westhern Europe, as in the Alps
(Ivy-Ochs, 2015; Moran et al., 2016), in the Tatra Mountains (Engel
et al., 2014, 2015; Makos et al., 2018; Zasadni et al., 2020), in the
Southern Carpathians (Gheorghiu et al., 2015) and the in British
Isles (Barth et al., 2018).
5. Conclusions
Despite the limited number of samples of 36Cl exposure ages of this
exploratory work, the results are internally consistent, they agree with
previous information from other dating methods and are consistent
with geomorphological observations and current paleoclimatic knowl-
edge. They indicate that (a) according to these criteria, it can be con-
firmed that the MIE in the Serra da Estrela occurred during the PGC;
and (b), the glaciers reached a position very close to the PGCmaximum
shortly before the LGM. This is consistent with the fact that only LGC
moraines have been previously detected in the Central System. So far,
there is little direct dating on glacial landforms from the PGC, both in
Iberia and in the rest of Europe. However, the current knowledge on
the PGC is in agreement with our results from Serra da Estrela, which
show a MIE at the end of the PGC, probably in coincidence with the
HS-11.
The LGC MIE occurred in Serra da Estrela short before of the LGM, at
ca. 30 ka, as in several other mountains in the Iberian Peninsula. The re-
sults suggest that final deglaciation at the Serra da Estrela took place at
the beginning of B-A, as in other mid- altitude Iberian mountains. This
was a reaction to the intense increase in temperatures that affected
the Iberian Peninsula, which reached values close to modern ones. A
similar process has been detected in most other Mediterranean moun-
tains and in many glaciated areas of central and western Europe.12The outlier result in the Torre Plateau highlights the fact that CRE
samples from summit plateaus may show cosmogenic inheritance
and, therefore, great care must be taken when interpreting them.
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